Abstract
Introduction

31
In mammals, the process of reproduction is accompanied by substantial developmental 32 reorganization, in response to physiological stimuli from pregnancy. As a result, mammary 33 glands have evolved to assume a pivotal role in milk production and offspring nourishment.
34
Substantial tissue remodeling, including expansion of epithelial cells and ductal structures, is
35
followed by the accumulation of milk droplets as pregnancy progresses. During lactation, milk 36 production is synchronized with milk release by a series of transcriptional and mechanical 37 events present in luminal cells (milk production) and myoepithelial cells (duct contractibility). As 38 lactation ceases, the mammary gland returns to a non-secretory state, and adopts a tissue 
47
The concept that pregnancy induces long-lasting molecular alterations was also suggested in 48 studies utilizing whole-genome bisulfite sequencing, which showed that pregnancy induced 
53
Pregnancy signals exert functions that go beyond the secretory state, and also modulate the 54 risk of breast cancer in rodents and humans [13] [14] [15] . While research has shown increased 55 breast cancer risk for roughly five-ten years after parturition [16] [17] [18] , there is a long-term 56 reduction of risk of breast cancer for women completing a full-term pregnancy before the age of 57 30 [13, 14, 18, 19] . A similar risk decrease following pregnancy has been observed in mice, 4 homeostasis is not substantially altered by a previous pregnancy cycle. MECs Fig.  1e,  bottom  panel) . Interestingly, a large fraction of PIEs were at an 122 active state (enriched for H3K27ac) during the first pregnancy and during the second 123 pregnancy, further supporting the stability of the pregnancy-altered epigenome ( Fig. 1c and 
124
Supplementary Fig.  1f ).
125
We utilized this dataset to define genes associated with enhancers that were exclusively 126 present in post-pregnancy MECs, revealing ~18,000 PIE-associated genes. These PIE-127 5 associated genes were further utilized to define the dynamics of the pregnancy-induced 128 epigenome, and their effects on the transcriptome, across pregnancy cycles (first pregnancy 129 and second pregnancy). Our analysis revealed that over 600 genes associated with PIEs were 130 more abundantly expressed in MECs harvested from mice during the second pregnancy cycle,
131
with the top hits being casein-associated genes, known to have roles in milk production [27],
132
which is supportive of a robust activation of pregnancy-related programs (Fig.  1d,  red) [12].
133
It is possible that mammary stem cells (MaSCs) and progenitor cells propagate the epigenetic 134 memory of pregnancy. It is also possible that alterations to the post-pregnancy non-epithelial 135 cells perpetuate this epigenetic state, thus locking post-pregnancy MECs into a pregnancy-136 prone state. In order to dissect the role of the microenvironment on the ability of post-pregnancy
137
MECs to respond to a second pregnancy, we employed fat-pad transplantation assays [28, 29] .
138
Mammary glands from pre-pubescent, virgin female mice (15-days old) were cleared of 139 endogenous epithelium and transplanted with either pre-or post-pregnancy MaSCs. Recipient 140 female mice (2-months post-transplantation) were then exposed to pseudo-pregnancy, followed 141 by histology analysis of mammary glands (Supplementary  Figure  1g) .
142
Transplanted mammary glands from placebo-treated females demonstrated comparable ratios 143 of luminal and myoepithelial cells to glands that received either pre- or post-pregnancy MaSCs,
144
suggesting that pregnancy did not change the ability of transplanted MaSCs to undergo lineage 145 commitment and differentiation ( Supplementary Fig. 1h ). Moreover, RT-qPCR analysis of 146 defined genes up-regulated after pregnancy demonstrated that despite transplantation into a 147 pregnancy-naïve environment, post-pregnancy MECs retained the ability to regulate pregnancy-148 induced genes ( Supplementary  Fig.  1i ).
149
Tissue histology analysis during pseudo-pregnancy demonstrated that mammary glands 150 transplanted with post-pregnancy MaSCs had higher numbers of ductal structures (668 ducts,
151
+/- 32) than glands transplanted with pre-pregnancy MaSCs (467 ducts, +/- 93), suggesting that 152 fat-pad transplantation does not alter the ability of post-pregnancy MECs to react robustly to 153 pregnancy signals ( Fig. 1e;; Supplementary Fig. 1j, p<0 Fig.  2a ).
177
We found that sustained DOX administration through drinking water for 2 days (DD2) or 5 days (Fig.  2a) . None of these alterations were seen in control CAG-only transgenic 182 mice ( Supplementary  Fig.  2b ), thus indicating that short-term cMYC overexpression is sufficient 183 to drive hyperplasia of mammary glands from nulliparous mice.
184
To study the alterations to mammary glands in DOX-treated CAGMYC female mice, we 185 analyzed their cytokeratin composition. We observed a progressive expansion of cytokeratin 8
186
(KRT8) expressing cells, a hallmark for luminal-like cells [34] , over the course of the DOX 187 treatment (Fig. 2b) (Fig. 2a, b) .
204
Collectively, these findings validate the CAGMYC transgenic mouse system as a suitable model
205
for investigating ductal hyperplasia and the initial stages of murine mammary oncogenesis.
206
To gain a deeper understanding of the lineage profile of CAGMYC MECs, we compared DD2 Fig. 2d) 
217
We next investigated the effects of short-term cMYC overexpression on the enhancer landscape 
221
at DD5 were already altered at DD2 (Fig. 2e) . Genomic distribution analysis showed that this 222 gain of H3K27ac occurred mainly at promoter regions ( Supplementary  Fig.  2e ), an observation 
229
A prior study demonstrated that cMYC deletion in mice impaired ductal alveolar genesis during 230 pubescence and pregnancy, indicating it is required for normal mammary gland development
231
[39]. Thus, we asked whether cMYC overexpression activated a distinct enhancer landscape 232 compared to that seen during normal development. We focused on the gain of H3K27ac signal 233 at genomic regions preferentially recognized by cMYC (e-boxes) [40] in response to cMYC 234 overexpression. We found that approximately 2,500 H3K27ac peaks were detected at e-boxes 235 in wild-type, non-transgenic MECs, suggesting that a defined set of cis-regulatory elements are 236 activated by cMYC in normal MECs ( Supplementary  Fig.  2g ).
237
In contrast, we detected a gain of H3K27ac peaks at specific e-boxes from CAGMYC MECs in 
272
Given that mammary gland tissue abnormalities have been reported to occur in a strain-specific Fig. 3f ). Thus, the post pseudo-pregnancy abnormalities in 279 mammary glands from transgenic CAGMYC and CAG-only mice are likely a consequence of its 280 genetic strain. Given this abnormal morphology, we focused our analysis of ductal hyperplasia 281 in CAGMYC MECs using female mice exposed to natural pregnancy cycles (gestation, lactation 282 and full involution).
283
To explore whether the ability of post-pregnancy CAGMYC MECs to resist malignancy is driven 284 by cell-autonomous or non-autonomous mechanisms, pre-and post-pregnancy CAGMYC
285
MaSCs were transplanted into the fat-pad of CAG-only, nulliparous female mice, followed by 286 DOX treatment for 5 days (Supplementary  Fig.  3h ). We used transgenic CAG-only female mice 
294
+/-99), suggesting that a lack of abnormal ductal clusters was not an artifact associated with 295 transplantation (Fig. 3e, f) . Given the lack of abnormal morphology of the mammary glands 296 transplanted post-pregnancy CAGMYC MaSCs, our results suggest that pregnancy-induced,
297
cell-autonomous signals block ductal hyperplasia, even when post-pregnancy MaSCs/MECs are 298 exposed to a pregnancy-naïve environment.
299
To investigate whether the cell-autonomous, hyperplasia-resistance phenotype of post- (Fig.  4d) .
354
Given that cMYC preferentially occupies e-boxes (Fig. 2) , we asked whether these would be (Fig. 4c, d ). These analyses revealed that both post-
358
pregnancy CAGMYC luminal and myoepithelial MECs failed to accumulate H3K27ac peaks at 12 e-boxes (~5,000 regions) in response to cMYC overexpression (Fig. 4e) . This was in marked 360 contrast to the increased H3K27ac signal intensity detected at the same regions in pre-361 pregnancy CAGMYC MECs, further supporting the notion that post-pregnancy CAGMYC MECs 362 were insensitive to gene activation from cMYC overexpression (Fig.  4e ).
363
Several of the genes down-regulated in post-pregnancy CAGMYC MECs displayed substantially 364 lower levels of H3K27ac and cMYC DNA occupancy after cMYC overexpression (Fig. 4f, 
365
Supplementary Fig. 4f) . (Fig.4f,  g  and  Supplementary  Fig.  4f ). Given that deletion of Epha2 in mouse models of (Fig.1) . This observation could suggest that the 387 chromatin state captured in our analysis, defined by the activation mark H3K27ac alone, does 388 not discriminate enhancer regions that were once highly active (during pregnancy) and are now 
396
Our epigenomic and transcriptomic analyses utilized a cell isolation strategy previously applied 397 to isolate defined MEC populations [55, 56] . However, we cannot exclude that, after pregnancy, 398 these cell-surface markers recognize a more diverse cell population compared to those existing 399 prior to pregnancy. In fact, previous studies have reported the appearance of parity-induced (Fig.3, 4) . Future studies mapping cMYC driven 426 epigenomic alterations in CAGMYC MECs during involution will be important to distinguish the 427 pregnancy-dependent signals driving either increased or decreased mammary tumorigenesis.
428
It is important to note that signals driving early oncogenesis may also differ substantially from 
